The aim of this study was to quantify the dynamics of herbaceous biomass and fine root productivity, and their relationship to stocks of carbon and nitrogen, in the Vertisols of two adjacent watersheds of a seasonally dry tropical forest (SDTF) under two different types of ground cover. The two watersheds are located in the county of Iguatu in the State of Ceará, Brazil. The control watershed of 2.1 ha, has been under regeneration for 35 years (RC 35 ), while the second watershed (1.1 ha) was subjected to thinning for a period of 5 years (TC 5 ). The sampled variables were herbaceous shoot biomass, fine roots, gravimetric moisture, the isotope δ 13 C (‰), total soil carbon (TSC) and total nitrogen (TN) in the 0 -20, 20 -40 and 40 -60 cm layers, between April 2013 and March 2014. To quantify herbaceous shoot biomass, samples were taken monthly. For TSC and TN, the campaigns were held every two months. The data underwent analysis of means and were compared by t-test (p < 0.05).
Introduction
In the last few decades the scientific community has turned to the study of carbon stocks in many different compartments of tropical forests [1] [2] [3] , due to their being an important component of terrestrial carbon. However, the same cannot be said about seasonally dry tropical forest (SDTF) [4] [5] [6] , which cover an area of approximately 105.104 km 2 . Of this total, 54.2% are distributed over two large areas in South America [7] , with the most extensive, known as the Caatinga, in the northeast of Brazil. Over the centuries, the primary use of these forests has been for agriculture, timber and animal pasture [8] . The production of any of these components requires the practice of thinning in different degrees.
The selective removal of trees and shrubs through thinning is used in order to improve the process of colonisation, reducing the competition for water, light and nutrients, and opening up space for the growth of small herbaceous species [9] [10] . The increased availability of herbaceous plants in SDFT has therefore been achieved through changes in the structure and architecture of the tree and shrub vegetation [11] [12] .
Early studies of thinning in SDFT were intended to identify managements which would give greater productivity of fibre and biomass [13] . Studies show that thinning promotes the emergence of an herbaceous layer [14] , enables water content in the soil [15] [16] [17] and can add biomass to the soil [18] [19] .
However, there is little research that focuses on the significance of thinning on root biomass in the soil of a SDFT [4] [6] . Further, it should be noted that the SDFT located in the northeast of Brazil (approximately 900,000 km 2 ) has been little investigated as to the dynamics of fine roots or shoot biomass [5] [20] [21] .
Although thinning is a very common practice in the region, there is still no research into the effect of thinning on the stock of carbon and nitrogen in the soil.
To monitor the quality of the soil, so that changes in the management systems adopted by farmers may be suggested in time to prevent degradation of the dry region [22] , it is necessary to define environmental attributes that can be easily measured [23] . In this respect, determination of the total soil carbon (TSC) and total nitrogen (TN) can unanimously be found in the literature as key indicators of soil quality [24] [25] , both in agricultural systems and areas of native vegetation [26] [27] . It is believed that the stock of TSC and TN in the soil of a fragment of a SDFT subjected to thinning is lower than under regeneration for 35 years of ecological succession. Given the above, the aim of this study was to quantify the dynamics of herbaceous biomass and fine-root productivity, and their relationship to changes in the stock of TSC and TN in the soil of a SDFT under two different types of land use in the northeast of Brazil.
Materials and Methods
The semi-arid region of northeastern Brazil is characterised by high population density, comprising approximately 27 million people in an area of 982,563 km 
Experimental Area
The study was carried out in two watersheds (6˚23'44''S; 39˚15'24''W), in county Thinning consisted of removing those plants where the diameter of the stem was less than 0.10 m at breast height, while herbaceous-sized plants and the organic residue of the thin branches from thinning were left in place. It should be noted that throughout the experiment there was no grazing in either of the experimental watershed. To determine the variables being investigated, fifty 10 × 10 m sample units were distributed across the main course in both watersheds, RC 35 and TC 5 , marked out and identified in loco with metal plates according to [28] methodology.
Rainfall
Rainfall data were measured on 5-min intervals in an automatic weather station, from which rainfall depth (P) was obtained. Of the total rainfall, 61% was recorded over three months, expressing high temporal variability, with a dry period or a period of low rainfall between July and December ( Figure 2 ). The rainfalls were concentrated from April to Jun 2013 and from January to March 2014, while the period from August to December was characterized as dry. Any month with a rainfall below 50 mm was considered to be dry [29] . Information on soil temperature in both areas was recorded every 4 hours at a depth of 10 cm, employing Hobo Pendant® model 64K-UA-002-64 Temperature/Light sensors. The 
Soil Characteristics
The soil of both areas was classified as a Vertisol, with a predominance of group 2:1 expansive clay minerals, particularly montmorillonite. As regards the physicochemical properties of the soil, it can be seen that both managements had soils of similar characteristics ( Table 1 ). The pH tends towards neutral, ranging between 6.7 and 6.9, and the texture is silty loam, with the exception of the 0 -20 cm layer present in TC5. The soil density of the soil showed little variation, the highest values being recorded in the 40 -60 cm layer of RC 35 , with values of 1.50
Herbaceous Biomass
Sampling to quantify the production of herbaceous shoot biomass was carried out monthly, with 10 replications for each management (RC 35 and TC 5 ) from April 2013 to March 2014, following the methodology presented by [28] . The herbaceous material from the ten sampling units was weighed and shredded while still fresh, and then reduced to an aliquot of 500 g/sample unit. To get the air-dry weight, samples were dried in a forced air circulation oven at 60˚C -70˚C and weighed on an analytical balance with a precision of 0.01 g.
Fine roots Biomass
To determine fine-root biomass ( φ < 2 mm), the methodology proposed by [30] was followed. To extract the fine roots, a hollow cylindrical aluminum probe with an internal diameter of 4.5 cm was used. The samples were taken from the 0 -10, 10 -20 and 20 -30 cm layers in June (rainy season) and November (dry season), in five randomly selected sampling units for each management.
Soil Moisture, Total Soil Carbon and Total Nitrogen
To quantify the levels of soil moisture, total soil carbon (TSC) and total nitrogen ); e is the depth of the soil layer (cm).
Carbon Isotopes (δ 13 C)
In order to understand the actual contribution of plants with a C 3 and C 4 metabolism to carbon formation in the two managements being investigated, the stable carbon 13 isotopes (δ 13 C) were quantified. To do this, soil was collected from ten randomised sampling units at the 0 -20, 20 -40 and 40 -60 cm layers in each management (RC 35 and TC 5 ), giving a total of 30 samples for each type of land use. The analyses were carried out by combustion of the samples under a continuous flow of helium in an elemental analyser (Carlo Erba, CHN-1110) coupled to a Thermo Finnigan Delta Plus mass spectrometer. The enrichment or depletion of the 13 C isotopic species was measured against a standard, and expressed in "delta permil" [33] .
where R is the carbon isotope ratio ( 13 C/ 12 C) in the sample and in the standard.
The standard for carbon is the PDB. Measurement accuracy is ±0.3‰.
Statistical Analyses
Mean data for soil temperature, herbaceous shoot dry matter, fine root dry matter, total carbon and total nitrogen, as well as carbon 13 isotope (δ 13 C), were subjected to an analysis of means test, to find out the effects of sampling months, soil depth and soil moisture, management regimes and their interactive effects on fine root biomass and TSC and TN. Mean differences were considered significant when p < 0.05 to t-test.
Results

Herbaceous Biomass
Herbaceous dry biomass ( Figure 3 ) found in RC 35 . During the rainy months, from April to July 2013 and February 2014, the production of herbaceous dry biomass in the TC 5 was statistically higher than that seen in the RC 35 ). It can therefore be said that the TC 5 management expresses a greater sensitivity to the rainfall regime of the region.
Fine Root Biomass
From investigation of the stock of dry fine-root biomass between the dry and 
Soil Moisture
Throughout the profile being analysed, the RC 35 
Total Soil Carbon and Total Nitrogen
The stock of Total Soil Carbon (TSC) and Total Nitrogen (TN) in both managements (Figure 7 
Carbon Isotopes (δ 13 C)
In relation to the source of carbon in both managements, the values for δ 
Discussion
Herbaceous Biomass
In the RC 35 , herbaceous biomass was little influenced by annual rainfall variability ( Figure 3 and Figure 4 ). However, when the natural ground cover conditions were altered by the technique of thinning, significant differences in the production of dry biomass between the rainy and dry seasons became possible. As the vegetative stages in the phenological cycle of the species are short [4] , within just two months from the end of the rains there is a significant reduction in the stock of dry matter in the vegetation, especially in the TC 5 . However, the occurrence of even small rainfall depths (66 mm) recorded during October and November, promoted the recovery of the net primary production in December ( Figure 2 and Figure 3 ). This recovery is more significant in the TC 5 , differing statistically from RC 35 due to the greater abundance of herbaceous species, a result of thinning. . In SDTF, the technique of thinning transfers the production of biomass from the shrubs and trees to the herbaceous layer by an increase in grass and herbaceous dicot species [13] .
According to the conceptual model of the main factors that control density in herbaceous species, proposed by [12] , the factor of light penetration to the soil surface is more important than the fertility of the habitat itself. Therefore, greater availability in the flow of solar energy to be used in the photosynthetic process of the herbaceous layer located below the canopy of a forest subjected to thinning, contributes to an increase in biomass and fine roots, and consequently to the levels of organic matter in the soil.
Fine Root Biomass
The studies have shown that the concentration of fine roots throughout the soil profile in the TC 5 However, during the rainy period there was greater homogeneity in the concentration of fine roots along the vertical depth, with no significant difference (p > 0.05) ( Figure 5(b) ). Although each type of vegetation has a different root architecture, use of the root to shoot ratio has been widely used to estimate the quantity of root biomass for the purposes of carbon accounting [20] . To this effect, several researchers have defended the use of allometric equations to estimate root and shoot biomass [6] [23] [34] .
Therefore, it is expected with this study to find a greater correlation between the shoot biomass of herbaceous plants with the stock of fine roots. A higher root to shoot ratio in pasture, compared with forests or other woody vegetation, was found by [23] . Given the above, it can be inferred that the decrease in her- 
Total Soil Carbon and Total Nitrogen
The stock of carbon in the roots of SDTF forests around the world varies be- Figure 5 ). Fine roots are the major suppliers of carbon to the soil when they die and decompose in large quantities during the dry season [4] .
Carbon input to the soil is mainly due to the products of fine-root decomposition [6] to the illuviation of organic compounds from the decomposition of plant residues deposited on the soil [1] , and to material incorporated by the movement of the macro and mesofauna [18] .
Another factor that may have contributed to maintaining greater levels of carbon in the subsurface layers of the TC 5 is based on the fact that herbaceous vegetation reduced surface runoff and increased the chances of infiltration [17] .
The greater infiltration opportunity time in the TC 5 management [15] contributed to an increase in moisture throughout the depth profile ( Figure 6 ), and to growth of the root system of the herbaceous plants [10] , as well as contributing with higher rates of carbon and nitrogen illuviation at greater depths in relation to RC 35 . The concentrations of TSC in RC 35 and of TN in both managements decreased with depth ( Figure 6 (a) and Figure 7(b) ). It is known that the greater stocks of these elements at the soil surface, show an imminent risk of large amounts of CO 2 being released from the soil surface to the atmosphere if land use is changed to managements of intense mobilisation and turning of the soil [38] . A greater accumulation of TSC and TN in the surface layer of the soil has been identified in different parts of the world [3] 
Carbon Isotopes (δ 13 C)
The source of the carbon present in each management ( Figure 8 ) confirms observations made in the field regarding the use and occupation of the area being investigated. The significant enrichment of δ 13 C with depth in the soil under the RC 35 management shows that the site has been under different types of land use in the past. The local community reports that 35 years earlier, both areas had been historically intended for the cultivation of maize. The most likely hypothesis therefore is that the carbon at subsurface depths (20 -40 and 40 -60 cm) in RC 35 is a remnant of old humidified organic matter from previous vegetation which was richer in δ 13 C than today. Similar behaviour was found by [42] in studies on reforestation with leguminous trees. Managements of monocropped corn, regardless of soil type, contributed with higher values for δ 13 C throughout the profile [41] , where the values for δ 13 C range from −9‰ to −19‰, with a mean of −13‰ [43] .
The slight enrichment of δ 13 C values at greater depths in RC 35 (Figure 8 ) may even be associated with the decomposition of organic substrates, which would involve a normal isotopic effect, i.e. microbial products become more enriched in δ 13 C than do substrates [44] . Another possible cause of this variability lies in the fact that with humidification, the values for δ 13 C tend to increase over time [42] .
Changes in ground cover due to the practice of thinning, and the consequent increase in the population of tropical grasses, contributed to an increase in organic waste from plant species with a C 4 metabolic cycle, at lower depths (40 -60 cm) of TC 5 area (Figure 8) . Therefore, the hypothesis of the recent increase in carbon from organic waste being input to the soil organic matter in the thinned area by the death and rupturing of the fine roots of grasses is proven, as shown in Figure 5(b) . Researchers such as [40] found mean values for δ 13 C equal to −27‰ in areas of forest under regeneration, being within the range (−22‰ to −34‰) corresponding to C 3 plants [45] ; whereas in areas of pasture, the values found are higher (a mean of −22‰), close to those found in the present study, indicating enrichment of δ 13 C from the organic material of the grasses. However, unlike RC 35 , in addition to the old source, the area subjected to thinning shows a significant increase in more recent sources of δ 13 C at lower depths ( Figure 8 ). This result is consistent with studies by [46] , who found that the introduction of brachiaria grass (Brachiaria decumbens), a plant with C 4 metabolism, in managed pasture which replaced a forested area of cerrado, altered the isotopic signature of the soil carbon to less negative values, between −15.26‰ and −17.58‰.
Conclusion
This work points to the implementation of thinning in a SDTF emerging as a management alternative to be considered in sustainability programs in the semi-arid region, contributing to maximizing the production of herbaceous forage for feeding large and small ruminants, and for bee pasture, in addition to 
